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ABSTRACT 
Numerous behavioral studies have found differences in the duration perceived and 
the threshold of discrimination for filled and empty intervals. Grondin (1993) proposed 
the internal marker theory to explain the superiority of timing performance with empty 
intervals over filled intervals. This theory assumes that timing an empty interval starts 
from the offset of the first marker and stops at the onset of the second marker. However, 
other models suggest that the timing of an empty interval might start from the onset of the 
first marker to the onset of the second marker. Behavioral studies testing the Offset-onset 
and Onset-onset hypotheses have been inconclusive. The present study aims at 
investigating the validity of this assumption using an electrophysiological measure of 
pre-attentive processing that allows the processing of the empty interval to be measured 
without the influence of task instructions or cognitive processes outside of experimental 
control. Participants watched a silent movie while an auditory stream of stimuli 
demarcating empty intervals was presented in background. Most intervals were of 
standard duration, but occasionally shortened deviant empty intervals were presented. 
Although the first and second experiments failed to support or reject either hypothesis, 
the results of the third experiment supported the Offset-onset hypothesis. 
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CHAPTER 1 
Introduction 
Scalar Expectancy Theory 
Interval timing refers to timing of durations in the seconds to minutes range 
(Matell & Meek 2000). This ability enables us to predict when an event occurs and how 
long the event is expected to last (Pang & McAuley，2003). There are a number of 
theories of timing behavior, all of which aim at explaining the variability in judging time 
in different conditions. The most commonly accepted and important theory is Scalar 
Expectancy Theory (SET) by Gibbon (1977; see Allan, 1998 for a review of this theory's 
impact). 
In SET, it is assumed that the timing system consists of three processes, an 
internal clock process, a memory process, and a decision process (Figure 1.). Each 
process is made up of several subcomponents. In the internal clock process, a pacemaker 
continuously generates pulses. During the timing interval, the pulses emitted are switched 
to an accumulator for recording. The number of pulses recorded by the accumulator 
corresponds to the physical time interval being measured. In other words, the number of 
pulses counted during a given time interval is regarded as the internal representation of 
this interval. During the memory process, the internal representation of the time interval 
is stored in working memory or transferred to reference memory for later comparison. 
Based on a decision rule and comparison of working memory and reference memory, the 
difference in the time intervals can be determined. 
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Figure 1. Schematic representation of the scalar timing model by Gibbon (1977). 
Modified from Allan (1998). 
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Filled and Empty Intervals 
Time signals can comprise either filled or empty intervals. According to Grondin 
(2001), a filled interval is marked by the onset and offset of a continuous signal whereas 
an empty interval is a silent interval demarcated by two brief stimuli or markers. 
Changing the delay between the presentations of the first and second markers modifies 
the duration of an empty interval. Numerous studies have been conducted to compare 
performance in timing filled and empty intervals (Abel, 1972a, 1972b; Grondin, 1993; 
Grondin, Meilleur-Wells, Ouellette, & Macar, 1998; Rammsayer & Lima, 1991; 
Rammsayer, 1993, 1994; Rammsayer & Leutner, 1996; Rammsayer & Skrandies, 1998; 
and Skrandies & Rammsayer, 1995). Typically, the duration perceived and the threshold 
for discrimination is not the same despite equal physical duration from onset to offset in 
the filled intervals and from offset to onset in empty intervals. Two contradicting results 
concerning the duration-discrimination performance in filled and empty interval timing 
have been found. Some authors have reported superior performance with filled intervals, 
whereas other authors have reported superior performance with empty intervals. These 
conflicting results are discussed below. 
Superiority of Filled Intervals 
Superior discrimination performance for filled as compared to empty intervals 
was reported in humans by Abel (1972a, 1972b). The participants were presented with 
two durations, the comparison and standard durations, and required to indicate which was 
longer. The two intervals were either filled (standard duration ranging from 0.16 ms to 
960 ms) or empty (standard duration ranging from 0.63 ms to 640 ms). The just 
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discriminable difference, which is defined as the difference between the two durations at 
which 75% of the trials can be discriminated, was measured. Comparison of the filled and 
empty intervals results indicated that discrimination of filled and empty durations was the 
same for durations between 0.63 ms and 5 ms, but was better for filled intervals for 
durations greater than 10 ms. The just discriminable difference was one third to one half 
smaller for filled intervals. 
Craig (1973) asked participants to adjust the duration of an empty interval 
between two markers, so that the empty interval was the same as the duration of the first 
marker. The results showed that for auditory stimuli 100 to 1200 ms long, the time set by 
participants was longer by a constant amount of 657 ms. However, this degree of 
distortion was absent when the empty interval between the two markers was filled with 
white noise. The result suggests that the perception of filled intervals is more accurate 
than that of empty intervals. 
Similar findings can also be found in a series of studies conducted by Rammsayer 
and his colleagues. Rammsayer and Lima (1991) presented two auditory stimuli to the 
participants in an adaptive psychophysical procedure and asked them to decide which of 
the two was longer in duration. Filled intervals were more easily discriminated than 
empty intervals for durations of 50 ms in that participants could discriminate a duration 
difference of 6.6 ms when the interval was filled, but a minimum 20.9 ms difference 
when the interval was empty. 
Rammsayer (1994) also investigated practice effects and signal energy on 
duration discrimination of brief auditory intervals. In the second experiment, practice 
effects on perception of empty and filled intervals in 6 participants over 20 sessions were 
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tested. Participants were presented with two auditory stimuli in each trial, a 50 ms 
standard and a comparison duration, and had to decide which duration was longer. 
Neither a long-term nor a short-term practice effect was found. The mean difference 
threshold was 7.1 ms for filled intervals as compared to 12.5 ms for the empty intervals, 
indicating that duration discrimination was better with filled than with empty intervals. 
Following the same procedure as described above, Rammsayer and Leutner 
(1996) conducted four experiments to evaluate the effect of marker duration on temporal 
discrimination with empty auditory intervals bounded by markers ranging from 3 to 300 
ms. The mean difference threshold for a 50 ms standard duration was 17.8 ms for 
markers ranging from 3 to 150 ms and 35.3 ms for markers 225 ms in duration or longer. 
The difference threshold was very consistent across different experiments. Moreover, 
Rammsayer and Skrandies (1998) also found a just noticeable difference of 5.7 ms for 
filled and 11.3 ms for empty intervals (i.e. 75% difference threshold of 13.6 ms for filled 
and 26.7 ms for empty intervals) using a 100 ms standard duration. 
Rammsayer and Lima (1991) proposed several theoretical explanations of how 
empty and filled intervals were treated differently in the central timing system to account 
for the findings. Based on Gibbon's Scalar Expectancy model, the sensory-integration 
theory (Church, 1984; Creelman, 1962) attributes the difference in discrimination 
performance in filled and empty intervals to a higher pacemaker firing rate in filled than 
in empty intervals. As described in Scalar Timing Theory, the pacemaker generates 
pulses and the number of pulses recorded by the accumulator is related to the physical 
time interval. If more pulses are collected in the accumulator for a given period of time, it 
will be easier to discriminate minute changes in the duration being timed. This means that 
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if the timing of filled intervals is associated with a higher firing rate than that of empty 
intervals, due to continuity of the stimulation, the higher pulse count in the accumulator 
for filled intervals will lead to a finer temporal resolution, higher accuracy, and better 
performance on temporal discrimination as compared to empty intervals. Rammsayer and 
Skrandies (1998) claimed evidence for the relationship between the firing rate of the 
pacemaker and the discrimination threshold in an event-related potential (ERP) study. 
This study measured both psychophysical and electrophysiological data. In the 
psychophysical experiment, participants were asked to discriminate whether the 
comparison duration or the standard duration of 100 ms was longer. Three conditions 
with stimuli of different temporal structures, including filled, empty, and gap stimuli 
which is an empty interval in a continuous tone, like a "reversed" filled stimulus, were 
used. Consistent with previous findings, filled intervals had a lower threshold of 
discrimination than empty intervals. In the electrophysiological experiment, a single 
filled, empty, or gap stimulus was presented repeatedly without any comparison. An 
inter-stimulus interval (ISI) of 450 ms was used for all of the stimuli. The participants' 
task was to count the number of stimuli. The latency and magnitude of an early auditory 
evoked potential, negativity 100 ms (NlOO) after the onset of the stimulus, were 
measured from Cz, CI , and C2 electrodes. Systematic differences in the latency and 
amplitude were found when the stimulus conditions were compared. The filled stimuli 
elicited NlOO activity with a smaller latency and larger amplitude than did the empty or 
gap stimuli. Larger NlOO amplitude was also correlated with better discrimination 
performance across the three conditions, but no such correlation was found between the 
NlOO and the performance within a particular condition. Rammsayer and Skrandies 
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(1998) claimed that the larger amplitudes indicated synchronization of a larger group of 
neurons and induced a higher firing rate of the pacemaker. This higher firing rate resulted 
in finer temporal resolution and more accurate discrimination of interval duration in the 
filled interval than in the empty interval. 
An alternative explanation is the Misassignment Hypothesis (Kallman, Beckstead, 
& Cameron, 1988; Kallman, Hirtle, & Davidson, 1986)，which claims that the difference 
in discrimination performance between filled and empty intervals results from the 
misassignment of the pulses generated by the pacemaker. When a smaller portion of 
neural pulses is assigned to the accumulator, the temporal resolution is impaired and 
leads to more variable timing. The misassignment is caused by the switch that allows the 
transfer of pulses from the pacemaker to the accumulator. Church (1984) described how 
the switch could be operated in different modes, and that the mode the animal actually 
uses is controlled by differential reinforcement. Some of the switch modes are more 
complex than others. In the simplest case, the switch is closed at the onset of a signal and 
opened at the offset of a signal. This is the situation for filled intervals, whereas a more 
complex switch mode applies to empty intervals because the empty interval is determined 
by the markers. The switch must be sensitive to the onset and offset markers and gate the 
pulses during the empty interval. This means that in the complex mode, the switch is 
closed at the onset of the first marker, but then opens, resets and re-closes at the offset of 
the first marker to start the timing of the empty interval. This complicated switch mode is 
more likely to fail and lead to misassignment of the pulses generated by the pacemaker to 
the accumulator. Thus, timing of empty intervals will be less accurate than that for filled 
intervals. 
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Superiority of Empty Intervals 
The studies described above showed superiority of filled intervals in timing, other 
studies revealed better discrimination for empty intervals than filled intervals (Grondin, 
1993; Grondin, et al, 1998). Allan (1979) summarized earlier studies related to filled and 
empty intervals by comparing the Weber fraction between studies. The Weber fraction, 
which is the just noticeable difference, i.e. the minimum duration by which a stimulus 
must be changed in order for a change in the stimulus to be detected, divided by the 
standard duration, was used because it enabled comparison of just noticeable differences 
across studies with different standard durations. For filled intervals, Small and Campbell 
(1962) reported Weber fractions of 15% to 20 % between 40 and 400 ms; Stott (1933) 
found Weber fractions between 10% and 13% for 400 and 2000 ms and Henry (1948) 
found Weber fractions of 20% for 50 and 500 ms. On the other hand, smaller Weber 
fractions were found for empty intervals. Goodfellow (1934) reported a 7% Weber 
fraction for 1000 ms and Getty (1975) reported 5% to 7% for durations between 200 and 
2000 ms. 
Grondin (1993) examined the effect of duration, procedure, and sensory modality 
of markers on the difference threshold of empty and filled intervals. No difference was 
found in the difference thresholds of filled and empty intervals of 50 ms (difference 
threshold: both empty and filled interval =11 ms) and 250 ms (difference threshold: 
empty interval = 36 ms and filled interval = 33 ms) using auditory stimuli and markers 
and an adaptive procedure. When visual stimuli, markers, and an adaptive procedure 
were used, better discrimination for empty intervals was found for stimuli of 50 ms 
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(difference threshold: empty interval = 21 ms and filled interval = 26 ms) and 250 ms 
(difference threshold: empty interval = 57 ms and filled interval = 87 ms). However, 
when using a single stimulus presentation method, superiority for empty interval 
discrimination, indicated by a higher percentage of correct responses, was consistently 
found in both the visual and auditory modalities. 
Grondin (1993) and Grondin et al. (1998) proposed that the perception of empty 
and filled intervals was influenced by the procedure employed in presenting the stimulus; 
and the difference in discrimination of empty intervals bound by auditory versus visual 
markers provided a hint about the mechanism for the superior discrimination of empty 
intervals. 
Adaptive Procedure and Inferiority of Empty Intervals 
Grondin (1993) and Grondin et al. (1998) further commented that by using an 
adaptive procedure, both the standard and comparison intervals were presented on each 
trial, and the comparison interval in the next trial was modified to become more similar to 
the standard interval following a correct response; but more different to the standard 
interval following an incorrect response. For timing of an empty interval in the adaptive 
procedure, four markers separating three empty intervals, the standard interval, 
comparison interval and the silent interval in-between them (interstimulus interval, ISI), 
were presented. Both the standard and changing comparison interval must be maintained 
in working memory for comparison. Given a limited capacity short-term memory, it may 
not be able to hold so many components long enough to extract the empty intervals for 
comparison. Even if it could hold all of the components, it would be more likely to break 
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down when processing a series of empty intervals, and especially when the duration of 
the standard/comparison and ISI were similar and when the total duration of all of the 
components was longer than 2 seconds (Grondin et al.’ 1998). 
Grondin et al. (1998) showed better discrimination with empty intervals (Weber 
fraction: auditory 二 9.67%, visual = 15.76%) than with filled intervals (Weber fraction: 
auditory = 11.42%, visual = 21.07%) for short standard durations of 400 ms using a 
adaptive procedure in both the visual and auditory modalities, but no such effect was 
found for an 800 ms standard duration for visual (Weber fraction: empty = 14.77%, filled 
=13.65%) or auditory stimuli (Weber fraction: empty = 10.01%, filled = 10.08%). 
According to the authors, superiority of empty intervals was not found in the 800 ms 
range because this duration was similar to the 1000 ms ISI used and there was confusion 
in processing them. This explanation is also consistent with the result in one of the 
experiments in Rammsayer & Lima (1991) in which participants expressed difficulty in 
isolating the standard empty interval, the comparison empty interval, and the ISI of about 
1000ms. 
This confusion effect may be removed by using the single stimulus presentation 
method, in which only one long or short empty interval is presented on each trial and the 
participant only judges whether the interval is the long or short one. Confusion is less 
likely to occur in this case, as only one stimulus is presented and a more stable memory 
can be formed. In the second experiment of Grondin et al. (1998), a single-stimulus 
presentation method was employed and superior discrimination with empty intervals was 
found in both the 400 ms and 800 ms standard duration conditions for both visual and 
auditory stimuli. 
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These results indicated that the adaptive procedure used in Abel (1972a, 1972b), 
Rammsayer and Lima (1991), Rammsayer (1994), Rammsayer and Leutner (1996), and 
Rammsayer and Skrandies (1998) was biased towards obtaining inferior discrimination 
for empty intervals. 
Internal-Marker Hypothesis 
Grondin (1993) found that empty intervals were more easily discriminated than 
filled intervals, especially for short intervals but the difference gradually disappeared for 
longer intervals. Moreover, this superiority effect for empty intervals was more easily 
observed with visual than auditory markers. He further argued that previous explanations, 
like a higher neural firing rate or the Misassignment Hypothesis, could not predict both 
the superior discrimination of empty intervals in general, and larger superiority effect for 
visual markers. Grondin (1993) suggested a hypothesis, called the internal-marker 
hypothesis, to explain the observed effects. He proposed that differences in empty and 
filled interval discrimination did not occur in a central timing mechanism, like a higher 
neural firing rate or a difference in switch mode, but rather were related to the sensory 
processing of the start or stop timing signal for filled and empty intervals. 
This hypothesis is an expansion of the model of inhibition action between onset 
and offset cells proposed by Robin and Royer (1987). In this model, it is assumed that an 
onset cell fires at the onset of a filled stimulus while an offset cell fires at the offset of the 
filled stimulus. Moreover, the firing of the onset cell inhibits the firing of the offset cell 
when the time between the onset and offset of a stimulus is too small. Only after the 
inhibition decays will the offset cell be able to fire. Based on both neurobiological and 
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psychophysical data, Phillips and Singer (1974) and Singer and Philips (1974) proposed 
that the mutual inhibitory interaction of onset and offset cells for the visual system lies in 
the lateral geniculate nucleus (LGN) of the thalamus. An extension of this finding would 
suggest the presence of the onset and offset cells for the auditory modality in the medial 
geniculate nucleus of the thalamus (Robin & Royer, 1987). The latency of the inhibition 
in the auditory system is shorter than that of the visual system as indicated by its higher 
temporal resolution, i.e. lower difference threshold (Grondin, 1993; Grondin et al., 1998)， 
and higher sensitivity to rapidly changing signals (Tallal, Miller, & Fitch, 1993). 
Based on the inhibition action between the onset and offset of a stimulus, Grondin 
(1993) assumed that the time needed for eliminating the sensory trace of a physical 
stimulus at the offset of the filled stimulus is longer than that for generating the sensory 
trace at the onset of the filled stimulus, especially when the duration between the onset 
and offset of the stimulus is very short and the inhibition effect of the onset cell on the 
offset cell still exists. Evidence for this assumption can be found in the fusion effect of 
two closely presented auditory stimuli and the masking effect in the auditory modality 
(e.g. Robin & Royer，1987; Plack & O'Hanlon, 2003) and in visual persistence studies 
(e.g. Nisly & Wasserman，1989). 
Under the Internal-Marker Hypothesis, the timing of filled intervals starts when 
the physical signal is converted into an internal onset signal (formation of the sensory 
trace) and stops when the internal offset signal (disappearance of the sensory trace) 
appears after the physical signal disappears. In other words, the internal marker or signal 
for onset and offset of timing is equal to the onset and offset of the physical stimulus 
respectively. Because the detection of the onset of a physical stimulus is faster than the 
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detection of the offset of a physical stimulus, i.e. formation of the sensory trace of the 
stimulus is faster than the disappearance of the sensory trace, a filled interval is perceived 
as longer than the actual duration of the stimulus. This prediction is consistent with the 
results obtained by Goldstone and Goldfarb (1963). 
For empty intervals, timing starts when the internal onset signal appears with the 
disappearance of the first physical marker (disappearance of the sensory trace of the first 
marker) and stops with the appearance of the internal offset signal at the onset of the 
second physical marker (appearance of the sensory trace of the second marker). It means 
that the internal onset/start signal for timing corresponds to the offset of the first physical 
marker, and internal offset/stop timing signal corresponds to the onset of the second 
physical marker in the case of timing empty intervals. Since the detection of the offset of 
the first physical marker (disappearance of the sensory trace of the first marker) is slower 
than the detection of the onset of the second physical marker (appearance of the sensory 
trace of the second marker), an empty interval is perceived as shorter than the silent 
interval between the offset of the first marker and the onset of the second marker. 
Indirect evidence supports this hypothesis. Craig (1973) reported that a constant 
duration must be added to the empty interval in order for it to be perceived as the same 
duration as the filled interval, independent of the duration of the empty intervals. In other 
words, there was a delay in the generation of the start signal at the disappearance of the 
first marker and this delay was constant as long as the same marker was used to define 
the initiation of the empty interval. 
Therefore, in timing filled and empty intervals with equivalent physical durations, 
i.e. the onset to offset of filled intervals and the offset of the first marker to onset of the 
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second marker in empty intervals, the internal representation for the filled interval would 
be longer than that for the empty interval. Because the empty interval is perceived as 
shorter than the filled interval, it would be easier to discriminate the same interval change 
for an empty interval than for a filled interval i.e. the interval change to standard duration 
ratio (i.e. percentage deviant change) in an empty interval is higher than in a filled 
interval. However, the difference in the internal representation of the empty and filled 
intervals is relatively small when the duration being timed is large relative to the marker 
duration, so the difference in discrimination performance for empty and filled interval 
becomes less significant. 
Moreover, as the sensory trace of a visual stimulus is more stable than that of an 
auditory stimulus, a longer delay at the offset of the physical stimulus and a shorter 
internal representation of the visual empty interval would be expected for a visual 
stimulus than for an auditory stimulus (Grondin, Ivry, Franz, Perreault, & Metthe, 1996). 
So, a higher percentage deviant change is expected for visual stimuli and it would be 
easier to show superior discrimination of empty intervals in the visual modality than in 
the auditory modality (Grondin, 1993). 
In summary, the Internal-Marker Hypothesis explains the superior discrimination 
effect for empty intervals and better discrimination of empty intervals in the visual than 
in the auditory modality in terms of differences in processing the sensory signal for 
initiation and termination of timing. 
Duration Memory Content 15 
Offset-onset Hypothesis and Onset-onset Hypothesis 
Two assumptions underlie this theory: first, inhibition between onset cells and 
offset cells lead to differences in speed of generation and elimination of the sensory trace. 
A number of studies supporting this assumption are described above (e.g. Robin & 
Royer, 1987). Second, when timing an empty interval, the timing system starts from the 
offset of the first marker and ends at the onset of the second marker (Offset-onset 
hypothesis, Grondin, et al., 1996). However, it can also be the case that timing occurs 
from the onset of the first marker to the onset of the second marker (Onset-onset 
hypothesis, Woodrow, 1928). 
Rammsayer and Leutner (1996) and Grondin et al. (1996) looked into the second 
assumption to see when the timing for an empty interval actually started. They 
manipulated the length of the first marker to see if the perceived duration of the empty 
interval changed accordingly. If the timing of the empty interval started and ended as 
predicted by the Offset-onset hypothesis, no modulation effect of the perceived duration 
by the length of marker would be observed; as the length of the first marker was excluded 
from the perceived empty interval. However, if timing of the empty interval started and 
ended as predicted by the Onset-onset hypothesis, the length of first marker was included 
in the perceived duration of the empty interval and it would increase with the length of 
first marker. 
Rammsayer and Leutner (1996) presented the participants with 50 ms empty 
interval demarcated by a pair of markers ranging from 3-300 ms in length. Discrimination 
of empty intervals was significantly better with short markers (3-150 ms) than long 
markers (225-300 ms) and no dependence of discrimination performance on marker 
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length was found within each range of marker length. However, both empty interval 
markers were relatively long compared to the standard empty interval of 50 ms. The 
empty interval might have been treated as a gap in the middle of a long continuous signal 
instead of an empty interval in some of the conditions (Grondin, 2001). 
Grondin, et al. (1996) tried to address the same issue by manipulating the length 
of the first marker and found that an empty interval with a 100 ms first marker and a 5 ms 
second marker was perceived as longer than an empty interval with 5 ms first and second 
markers with standard intervals of 250, 500, or 750 ms. Despite the importance of the 
validity of the Offset-onset hypothesis to the Internal-Marker Hypothesis, no empirical 
support has been found. 
Although it was emphasized in the instructions that the participant should judge 
the duration between the offset of the first marker and the onset of the first marker, it is 
possible that some of the participants were not be able to follow the instruction or that 
this instruction may have actually altered the timing system such that interval timing 
started when the participants consciously detected the offset of the first marker and 
stopped with conscious detection of the onset of the second marker (Grondin, et al., 
1996). However, in the Internal-Marker Hypothesis, empty interval timing was supposed 
to start from the disappearance of the sensory trace of the first marker and stop with the 
appearance of the sensory trace of the second marker. Conscious detection of a marker 
may introduce cognitive mechanisms or strategies that help the participants to judge 
when the onset or offset of a marker occurs, in addition to the appearance and 
disappearance of the sensory trace of the marker and this may confound the result. 
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The possible confound due to instructions or cognitive mechanisms involved in 
conscious detection of the markers can be eliminated by conducting the duration 
discrimination task in a pre-attentive manner. Change detection, including in the temporal 
dimension, is a basic feature of the auditory system and the spontaneous response of the 
brain to change discrimination can be measured by event-related potentials (ERP), more 
specifically the mismatch negativity (MMN), without any overt behavioral response 
(Naatanen & Winkler, 1999). 
Mismatch Negativity (MMN) 
Event-related potentials (ERP) provide a non-invasive high temporal resolution 
measure of brain electrical activity during perceptual processes, and have been widely 
used to study the biological bases of auditory processing (Naatanen & Picton, 1987). 
Raminsayer & Skrandies (1998) used ERPs to study the neural mechanism involved in 
temporal processing of filled and empty intervals. They looked at the NlOO component 
and found that lower temporal discrimination thresholds were associated with shorter 
latencies and larger amplitudes of auditory evoked potentials. However, the NlOO 
response is elicited at the onset of the stimulus from the quiet background and at the 
offset of the stimulus. It is not an indicator of change detection or discrimination. 
The specific ERP component that provides the best marker of change detection 
and the threshold of discrimination is the mismatch negativity (MMN). When a train of 
standard stimuli is presented, a complete representation of the physical features of this 
repetitive stimulus is established and stored as a memory trace (Naatanen & Winkler， 
1999). Deviance in any physical feature of the incoming stimulus, like frequency, 
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intensity, duration, or location, elicits a mismatch signal (Naatanen, 1992). The process 
involved in generating this mismatch signal, like organizing auditory input, extracting the 
common invariant patterns, anticipating the auditory events, and change detection of the 
incoming stimulus takes place in the auditory cortex (Naatanen, Tervaniemi, Sussman, 
Paavilainen & Winkler，2001). 
ERP source localization studies reveal an M M N generator in the right frontal area 
in addition to the one in auditory cortex (Giard, Perrin, Pemier, & Bouchet, 1990). 
Significant hemodynamic activations in the superior temporal gyri and the right inferior 
frontal gyrus were also observed by positron emission tomography (PET; Miiller, 
Juptner, Jentzen & MUller，2002) and functional magnetic resonance imaging (fMRI) 
studies (Opitz，Rinne, Mecklinger, von Cramon, & Schroger, 2002; Doeller, Opitz, 
Mecklinger, Krick, Reith, & Schroger, 2003). An optical imaging study (Tse, Tien, & 
Penney, in press) found that activation of auditory cortex was followed 60 ms later by 
inferior frontal cortex activation. These findings are consistent with the attention-
switching hypothesis (Naatanen, 1990，1992; Naatanen, & Michie，1979), according to 
which, changes in the stimulus are automatically detected by the auditory cortex in the 
absence of attention to an auditory stimulus, and followed by attention reorientation 
initiated by frontal cortex to direct attention towards the deviant stimulus and set the 
stage for subsequent attentive processes. 
The M M N usually peaks between 100 and 200 ms after the onset of deviance and 
is observed as a frontal-central negativity with inverted polarity below the lateral fissure 
(mastoid) with reference to the nose. This means that the generator of the M M N is 
located within the auditory cortex, i.e. the superior temporal gyrus (STG; Tervaniemi, 
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Medvedev, Alho, Pakhomov, Roudas, Zuijen, & NaatSnen，2000; Opitz, Mecklinger, 
Friederici, & Cramon, 1999), in the vicinity of the generator for the N1-P2 response 
(Rinne, Gratton, Fabiani, Cowan, Maclin, Stinard, et al., 1999). Because of the 
overlapping of MMN with the N1 (peak latency 90-120 ms) and P2 (180-200 ms) 
deflections which are elicited by any auditory signal, the MMN is best seen in the 
difference waves obtained by subtracting the standard stimulus ERP response from the 
deviant stimulus ERP response (Alho, Woods, Algazi, Knight & NaatSnen, 1994). 
The amplitude and latency of the MMN is related to the degree of perceived 
deviation from the standard stimulus (Opitz, et al , 1999; Naatanen & Winkler, 1999). 
Larger deviance produces a MMN with a smaller latency and larger amplitude while the 
opposite occurs for smaller deviance. Jaramillo, Paavilainen, and Naatanen (2000) 
revealed that MMN amplitude increased as a function of the degree of deviance from the 
standard stimuli, and MMNs with similar amplitude were elicited by deviants with the 
same percentage change of tone duration. Sable, Gratton, and Fabiani (2003) also found 
that the amplitude of the MMN is a function of the ratio between the deviant and standard 
stimulus durations. 
The Present Study 
The present study aims at testing the validity of Offset-onset and Onset-onset 
hypotheses; in order to eliminate confounds, like instructions and unwanted attentive 
cognitive processes, the spontaneous response of the brain to empty interval change 
discrimination was measured in a pre-attentive situation by using the mismatch negativity 
(MMN). Amplitude of the MMN increases with increasing the ratio of the perceived 
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deviant change and the standard stimulus. Based on this relationship, the onset in timing 
empty intervals could be determined by varying the length of the first marker. However, 
in addition to first marker length, another factor, equivalent interval, was also 
manipulated to show modulation of the MMN by the empty interval length. For this 
factor, either the interval between the offset of the first marker to the onset of the second 
marker (OFF-ON equivalent interval), i.e. empty interval between markers with the first 
marker excluded, or the interval between the onset of the first marker and the onset of the 
second marker (ON-ON equivalent interval), i.e. the length of first marker plus the empty 
interval between markers, would be held constant across conditions with different marker 
lengths. The Offset-onset hypothesis would be supported by the absence of MMN 
modulation by first marker length under OFF-ON equivalent conditions, and the presence 
of MMN modulation by the empty interval length under ON-ON equivalent conditions. 
Evidence for Onset-onset hypothesis would be provided by the absence of MMN 
modulation by first marker length under ON-ON equivalent conditions, and the presence 
of MMN modulation by the empty interval length under OFF-ON equivalent conditions. 
Both hypotheses assume that the timing process stops at the onset of the second 
marker and this is supported by a number of event-related potential (ERP) studies of pre-
attentive deviant detection of shortened empty intervals (Naatanen, Syssoeva, & 
Takegata, 2004; Sable, Gratton, & Fabiani, 2003). The MMN is usually found at 100ms 
after the onset of the deviant. When the empty interval is shortened, the MMN is found at 
100ms after the onset of the second marker, not 100ms after the offset of the second 
marker. So it is assumed that the stop signal of the empty interval is the onset of the 
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second marker and, therefore, the present study did not investigate when the timing of 
empty interval stops. 
Hypothesis 
If the timing of the empty interval ranges from the offset of the first marker to the 
onset of the second marker as predicted by the Offset-onset hypothesis, then the deviant 
to timed duration ratio is the same independent of the length of first marker, as long as 
the empty interval between the offset of the first marker and onset of the second marker is 
the same for both long and short first marker conditions (i.e. absence of MMN 
modulation by first marker length in OFF-ON equivalent interval condition; Figure 2). 
However, when the interval between the onset of the first marker and onset of the second 
marker is equivalent in the long and short first marker conditions, the ratio will be larger 
for the long first marker condition compared to the short first marker condition. This is 
because the actual timed duration will be shorter in the long first marker condition than 
the short first marker condition. Thus, for the same deviant change, the ratio will be 
larger in the long first marker duration than the short marker duration (Figure 3)，and an 
MMN with larger amplitude is expected with a long first marker than a short first marker 
condition under the ON-ON equivalent interval condition. 
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Figure 2. Under the Offset-onset hypothesis, the interval being timed is equal for long 
and short first markers. However, under the Onset-onset hypothesis, the deviant to timed 
interval is smaller for long first marker than short first markers in the OFF-ON equivalent 
interval conditions. 
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Figure 3. Under the Offset-onset hypothesis, the deviant to timed interval is larger for 
long first makers than short markers. However, under the Onset-onset hypothesis, the 
interval being timed is equal for long and short first markers in the ON-ON equivalent 
interval conditions. 
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Applying the same principle to the Onset-onset hypothesis, i.e. the timing of the 
empty interval starts from the onset of the first marker to the onset of the second marker, 
the deviant to timed interval ratio will be the same for the long and short first marker 
conditions, when the interval between the onset of the first marker and onset of the 
second marker are identical (Figure 3), i.e. lack of MMN modulation effect by first 
marker length in the ON-ON equivalent interval condition. On the other hand, the ratio 
will be smaller in the long first marker condition than the short first marker condition, 
when the offset to onset interval is the same. As the longer first marker will also be 
included as part of the interval, the actual timed interval will be longer than that in the 
short first marker condition (Figure 2). The amplitude of the MMN in the long first 
marker condition will be smaller than that in short marker condition under the OFF-ON 
equivalent condition. 
The hypotheses are summarized in Table 1. By comparing the MMN amplitude 
measured in long and short marker conditions with equivalent offset-onset or onset-onset 
inter-marker intervals, the onset of the internal representation of an empty interval can be 
determined. 
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Table 1. Summary of Hypotheses. 
Equal Interval Between Equal Interval Between 
Offset of First Marker and Onset of First Marker and 
Onset of Second Marker Onset of Second Marker 
Length of First Marker Long Short Long Short 
Offset-onset Hypothesis Long = Short Long >Shoit 
Onset-onset Hypothesis Long < Short Long = Short 





A 2 X 2 X 2 factorial design was employed in the first experiment. The factor first-
marker-length comprised two levels: long first marker (LM) and short first marker (SM). 
The condition type factor comprised the experimental condition, in which the deviant 
interval occurred randomly within a train of standard intervals, and the control condition, 
in which the standard and deviant interval sequences were presented repeatedly. For the 
equivalent interval factor either the interval between the offset of the first marker and the 
onset of second marker (OFF-ON) or the interval between the onset of first marker and 
the onset of second marker (ON-ON) was kept constant across conditions with long or 
short first markers. Therefore, four experimental conditions, namely, LM-OFF-ON, LM-
ON-ON, SM-OFF-ON, and SM-ON-ON, and four corresponding control conditions were 
included in the first experiment. 
Participants 
Twelve college students without report of hearing impairment (6 female), aged 
from 20 to 23, mean age 21.4, were recruited as the participants. The Edinburgh 
Handedness Inventory was used for screening of right-handedness and all of the 
participants were right-handed. Informed consent was obtained from each participant 
before the experiment began. A sample of the consent form and Edinburgh Handedness 
Inventory are included in Appendices A and B, respectively. 
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Stimuli and Procedure 
Participants sat on a comfortable chair to watch a silent self-selected movie with 
subtitles and were instructed to ignore the auditory stimuli presented through a pair of 
headphones. The four experimental conditions and the four corresponding control 
conditions were presented in separate blocks. In each experimental condition, a 
randomized sequence of standard empty intervals (p=0.9) and deviant empty intervals 
(p=0.1) were presented to the participants. A total of 2000 empty intervals, consisting of 
1800 standard empty intervals and 200 deviant empty intervals, were presented for each 
condition. The duration of the deviant empty intervals was 30 ms shorter than that of the 
standard empty interval. 
Two markers defined the empty interval by demarcating the onset and offset of 
each empty interval. The duration of the first marker was 40 ms in the long marker (LM) 
condition and 10 ms in the short marker (SM) condition. The duration of all of the second 
markers was always 10 ms. All markers were 1000 Hz pure tones with 2.5 ms rise and 
fall times. 
In the OFF-ON equivalent conditions, the durations from the offset of the first 
marker to the onset of the second marker were kept the same for the experimental and 
control conditions with different first marker durations (Figure 4). The empty interval 
between the 2 markers was 100ms for the standard stimulus and 70ms for the deviant 
stimulus across all conditions, i.e. the empty interval for the standard stimulus, excluding 
the duration of first marker, in the experimental and control conditions of LM-OFF-ON 
and SM-OFF-ON was 100ms, while that for deviant stimulus was 70ms. 
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Figure 4. Standard Offset-to-Onset Interval (Empty Interval) is 100ms. Deviant Offset-
to-Onset Interval is 70ms. The Inter-stimulus Interval (ISI) is 500ms. Deviants in the 
LM-OFF-ON and SM-OFF-ON conditions occurred randomly with the constraint that the 
deviant was preceded by at least 5 standards. In the control conditions, every fifth interval 
was a deviant. 
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Similarly, in the On-ON equivalent conditions the intervals from the onset of the 
first marker to the onset of the second marker were the same across the different 
conditions. The onset-to-onset interval was 100ms for standard stimuli (i.e. duration of 
the first marker was included in this interval), and the onset-onset interval was 70ms for 
deviant stimuli in the experimental and control conditions of LM-ON-ON and SM-ON-
ON. The interval between each stimulus, i.e. from the offset of the second marker of one 
stimulus to the onset of the first marker of the following stimulus, was fixed at 500ms in 
all conditions (Figure 5). 
Four control conditions were included to remove the NlOO effect by subtracting 
the control ERP waveform from that of the corresponding experimental condition. Each 
control condition consisted of regularly occurring deviant stimuli and standard stimuli. 
Every four standard stimuli were followed by a deviant stimulus (Figure 4 and 5). A total 
of 1000 stimuli, 800 standard and 200 deviant stimuli, were presented in each control 
condition. The presentations of the all of the conditions were Latin square 
counterbalanced. 
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Figure 5. Standard Onset-to-Onset Interval (Empty Interval + length of first marker) was 
100ms. Deviant Onset-to-Onset Interval was 70ms. The Inter-stimulus Interval (ISI) was 
500ms. Deviants in the LM-ON-ON and SM-ON-ON conditions occurred randomly, but 
the deviant was preceded by at least 5 standards. In the control conditions, every fifth 
interval was a deviant. 
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Electrophysiological Recording and Data Analysis 
EEG was recorded from 18 locations based on the 10/20 system using Ag/AgCl 
electrodes. Scalp electrodes, FPZ, F3, FZ, F4, C3, CZ, C4, P3, PZ, and P4, were included 
in the recordings. Right mastoid (RM) and left mastoid (LM) electrodes were recorded to 
show the inversion of MMN. The reference electrode was placed on the tip of the nose 
and a ground electrode was placed at the F8 position. Four electrodes, one above and one 
below the right eye, and two at the outer canthi were used for bipolar vertical and 
horizontal EOG recording respectively. The EEG was sampled at 512 Hz (REFA-64 
amplifier, TMS International, Netherlands) from DC to 70 Hz, with electrode impedance 
below 5 kOhms, filtered offline with a 0.1-20 Hz band pass filter. Epochs with EEG or 
EOG artifacts were rejected from the analysis. ERP waveforms were time locked to the 
onset of the second marker and averaged in 500 ms epochs with a pre-stimulus baseline 
of 100 ms (EEProbe analysis software, ANT Software, The Netherlands) for each 
participant and each condition. 
Mismatch negativity (MMN) was obtained by subtracting the averaged waveform 
of the deviant stimulus in the control condition from the identical deviant stimulus in the 
corresponding experimental condition. For statistical analyses, the ERPs of all of the 
experimental conditions were combined to form a grand averaged experimental condition 
waveform. Similarly, the grand averaged control waveform was formed by averaging the 
control conditions. The grand averaged experimental condition waveform was then 
subtracted by the grand averaged control waveform to form the grand averaged difference 
waveform. A 60 ms time window centered on the peak negativity at Fz between 100 and 
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200 ms in the grand averaged difference waveform was used for calculating the mean 
MMN amplitude of the ERP response for each condition in the statistical analysis. 
Paired sample t-tests were conducted to test for the presence of the MMN by 
showing significantly more negative mean ERP amplitude in the deviant than control 
condition. The Offset-onset hypothesis and the Onset-onset hypothesis each predict a 
specific pattern of MMN response. Planned comparisons of the MMN in conditions with 
different marker length were carried out by paired sample t-tests at an alpha level of .05, 
to determine whether the timing for an empty interval started from the offset or onset of 
the first marker. The MMN effect in the LM-OFF-ON condition was compared against 
the SM-OFF-ON condition; while the MMN effect in the LM-ON-ON condition was 
compared against the SM-ON-ON condition. 
Under the Offset-onset hypothesis, the MMN in the ON-ON equivalent interval 
conditions with different first marker length was expected to be significant. MMN effect 
in the long first marker condition should be larger than the short first marker condition, 
while no significant difference in MMN for the OFF-ON equivalent conditions was 
expected. However, under the Onset-onset hypothesis, no significant difference in MMN 
should be found in the ON-ON equivalent conditions with different first marker length, 
while a significantly smaller MMN effect was expected in long first marker condition 
than short first marker condition in the OFF-ON equivalent condition. 
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Result 
There was no prominent mismatch negativity in any of the difference waveforms 
in the four conditions (Figure 6). Mastoid inversion and central-frontal negativity were 
absent. The absence of MMN was further supported by statistical analysis of the mean 
amplitude in the 60 ms analysis windows, centered on the peak negativity at 147 ms (i.e. 
from 117 ms to 177 ms). Paired sample t-tests failed to show significant differences in the 
mean amplitude between each of the four pairs of experimental and control conditions, 
t(ii) = -.0718 in LM-OFF-ON, t(ii) = .7063 in SM-OFF-ON, t(ii) = .0434 in LM-ON-ON, 
and t(ii) = -.5990 in SM-ON-ON, all ps > .05 one-tailed (Table 2). Since no MMN was 
found in any of the four conditions, it was not necessary to conduct planned comparisons . 
analyses to investigate differences in the amplitude of MMN. 
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Figure 6. Deviant, Deviant Control, and Deviant minus Deviant Control ERP waveforms • 
‘ for each of the four conditions, time locked to the onset of the second marker, in 
Experiment 1. No prominent mismatch negativity was observed in any ofthe.diffiprence 
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Table 2. Mean Amplitude and Standard Deviation of ERP Results for Deviants, Deviant 
Controls, and Deviants minus Controls, and Results of Paired Sample t-tests for the 
Presence of MMN. 
Deviant Condition Control Condition Deviant - Control df t 
Mean SD Mean SD Mean SD 
LM-OFF-ON -1.5649 ( 1.4811 ) -1.5282 ( 1.5042 ) -0.0367 ( 1.7700 ) 11 -0.0718 
SM-OFF-ON -0.7565 ( 1.1224 ) -1.1065 ( 1.0841 ) 0.3500 { 1.7166 ) 11 0.7063 
LM-ON-ON -0.1412 ( 1.6787 ) -0.1652 ( 1.5116 ) 0.0241 ( 1.9195 ) 11 0.0434 
SM-ON-ON -0.1557 ( 1.1978 ) 0.1905 ( 1.3019 ) -0.3462 (2.0018 ) 11 -0.5990 
Note: *p<.05 (1-tailed) 
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Discussion 
Since no significant MMN was obtained, evidence supporting or rejecting the 
Offset-onset or Onset-onset hypothesis cannot be provided. Review of the experimental 
design and stimuli used in the experiment suggests the failure in recording a significant 
MMN is due to two main factors. 
The first factor is the percentage change of the deviance. In the current 
experiment, the perceived percentage change ranged from 21.42% to 30% if the empty 
duration was perceived under the Onset-onset hypothesis; and about 30% to 50% if the 
empty duration was perceived under the Offset-onset hypothesis (Table 3). This range of 
percentage change was selected for this experiment because it was expected to be small 
enough to avoid a ceiling effect, which is likely to occur with percentage changes of 50% 
or above (Naatanen, Jiang, Lavikainen, Reinikainen, & Paavilainen, 1993), and large 
enough to show a modulation effect between conditions with different marker lengths. 
Kujala, Kallo, Tervaniemi and Naatanen (2001) studied the MMN by 
manipulating the empty interval between a tone pair and kept the inter tone pair duration 
the same across all deviant and standard tone pairs. The participants were presented with 
standard tone pairs separated by 120 ms empty intervals and deviant tone pairs separated 
by 100’ 60，or 20 ms empty intervals bounded by 30 ms markers (i.e. percentage change 
was 16.67%, 50%, and 83.33%, respectively, under the Offset-onset hypothesis) with an 
SOA between tone pairs of 500 ms. An MMN was elicited in deviant tone pairs with a 
50% change or above. Based on the result of this experiment, it would be expected that a 
significant MMN should be elicited in the present experiment in at least the condition 
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with 50% change and possibly other conditions with 30% change. However, no 
significant MMN was found in the current experiment. It is not uncommon to observe a 
difference in the minimum percentage needed for MMN elicitation across different 
studies using deviant stimuli of the same type and similar paradigms. 
For pitch deviants, the lower limit of the degree of change needed for eliciting an 
M M N can be as small as a few percent. For example, deviance in frequency of 8 Hz from 
1000 Hz standard tones can elicit a significant MMN (Sams, Paavilainen, Alho, & 
Naatanen, 1985). However, other studies showed a significant MMN using pitch deviants 
when the change was 30 % to 50% only (e.g. Opitz, Rinne, Mecklinger, Cramon, & 
Schroger, 2002). 
Variability in the lower limit of percentage change for eliciting significant MMN 
can also be found in studies using temporal deviants. Kisley, Davalos, Lay ton, Patt, Ellis, 
and Seger (2004) observed a significant MMN elicited by a deviant interstimulus interval 
(ISI) of 385 ms (3.75% change) in a train of standard stimuli with a 400 ms ISI. Naatanen 
et al. (1993) showed that a MMN was elicited when the percentage change was about 
50% when using a 550 ms ISI standard stimulus. However, Sable, Gratton, and Fabiani 
(2003) only found a significant MMN in conditions with a deviant change of 75% or 
above for an SO A range from 100 ms to 400 ms. 
The non-significant MMN in the first experiment indicated that the degree of 
deviance used in the experiment might not be large enough to be detected by the auditory 
system. Therefore, a larger percentage deviance change was introduced in Experiment 2. 
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Table 3. The Percentage Change of Deviant in the Different Experimental Conditions in 
Experiment 1. 
First Marker Second Marker Offset-Onset Onset-Onset % 恐 ， e Under % Change Under 
(ms) (ms) interval interval (^ffset-onset Onset-onset 
\ ' \ ' Hypothesis Hypothesis 
LM-OFF-ON Standard 40 10 140 
Deviant 40 10 70 110 30.00% 21.43% 
SM-OFF-ON Standard 10 10 100 110 
Deviant 10 10 70 80 30.00% 27.27% 
LM-ON-ON Standard 40 10 60 100 
Deviant 40 10 30 70 50.00% 30.00% 
SM-ON-ON Standard 10 10 90 100 
Deviant 10 10 60 70 33.33% 30.00% 
Note: % Change Under Offset-onset / Onset-onset hypothesis refers to the perceived % 
change for each condition, if the empty interval is being timed according to that 
hypothesis. 
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The second factor is the design of the control conditions. In this experiment, the 
control condition differed from the experimental conditions in regularity and the 
probability of occurrence of the deviant stimuli. Deviant stimuli were presented randomly 
with a probability of 10% in the experimental condition, but they were presented 
regularly with a probability of 20% in the control condition. The low probability of 
occurrence of the deviant stimuli in the control condition was selected to ensure that the 
electrophysiological baselines of the deviant stimuli in the conditions being compared 
were the same and had similar refractoriness. However, it is possible the deviant stimuli 
may actually produce a deviant response in the control condition that is similar to that in 
the experimental condition. It is not uncommon to have a deviant-like response in this 
type of control condition. Jacobsen and Schroger (2003) found deviant-like responses in 
one of their control conditions, which consisted of tones of varied durations. It indicated 
that some automatic organization or grouping of stimuli might occur in the control 
condition. Sabri and Campbell (2001) proposed that prominent MMNs could only be 
elicited when the occurrence of the standard repeating unit was frequent and short enough 
to produce well-established and long lasting memory traces. In other words, the regular 
occurrence of the deviant stimulus in the control condition was not frequent enough to be 
regarded as part of the repeating regular pattern, so MMN was elicited within the control 
condition. By subtracting the deviant responses elicited in both the experimental 
condition and control condition, the mean MMN amplitude in the difference waveform 
would not be significant. 
The ERP waveforms elicited by the deviant stimulus and the standard stimulus 
immediately preceding the deviant in both the control and experimental conditions were 
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compared in order to seek support for this explanation. However, neither evidence 
supporting nor rejecting this explanation was found. Out of phase ERP responses were 
found between deviant and standard waveforms in the 100ms baseline before the onset of 
the second marker in most of the control and experimental conditions. The ERP result 
from the 100 ms to 200 ms time range may be confounded by this difference in the 
baseline. This baseline difference may be due to a comparison of non-physically identical 
deviant and standard stimuli and further verifies the importance of having appropriate 
control conditions for comparison, as suggested by Jacobsen and Schroger (2003). 
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CHAPTER 3 
Experiment 2 
Based on the findings of the first experiment, several modifications were made in 
the second experiment for testing the Offset-onset and Onset-onset hypotheses. The 
standard OFF-ON and ON-ON equivalent intervals were lengthened in order to produce a 
greater deviant percentage change. Under the Onset-onset hypothesis, the perceived 
percentage change was increased to 40-60%. The perceived percentage change under the 
Offset-onset hypothesis was increased to about 60% in most of the conditions, and 90.9% 
in LM-ON-ON condition (Table 4). It was expected that a significant MMN would be 
elicited in at least one of the conditions. 
Although the perceived percentage changes across conditions are different under 
the Offset-onset and Onset-onset hypotheses, the experiment is not biased toward 
supporting either hypothesis. Support for either hypothesis is established by comparing 
the amplitudes of MMN elicited from conditions differing in first marker length and 
comparing the pattern of the differences in MMN in the OFF-ON and ON-ON equivalent 
inter-marker interval conditions. 
The proportions of the deviant stimuli in the control conditions were also greatly 
increased to reduce the possibility a mismatch response would be elicited within the 
control condition. Two sets of control conditions with different probabilities of deviant 
occurrence were included in the second experiment to determine which condition would 
elicit a more prominent MMN. 
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Table 4. The Percentage Change of Deviant in the Different Experimental Conditions in 
Experiment 2. 
p. . . Second Offset- Onset- % Change Under % Change Under 
h「st Ma「Ke「 Marker Onset Onset Offset-onset Onset-onset 
(msj (ms) interval interval Hypothesis Hypothesis 
LM-OFF-ON Standard ^ 20 170 ^ 
Deviant 60 20 70 130 58.83% 43.48% 
SM-OFF-ON Standard 20 20 170 190 
Deviant 20 20 70 90 58.83% 52.63% 
LM-ON-ON Standard 60 20 110 170 
Deviant 60 20 10 70 90.91% 58.83% 
SM-ON-ON Standard 20 20 150 170 
Deviant 20 20 50 70 66.67% 58.83% 
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In order to ensure each marker was perceived as a tone rather than a click sound, 
the duration of the markers was increased from 40ms to 60ms for the long first marker 
and from 10ms to 20ms for the short first marker and second markers. Tone rise and fall 
times were also extended to 30% of the tone duration to remove the abrupt onsets and 
offsets in signal energy. 
The hypothesis of the second experiment remains the same as that of the first 
experiment. If the timing of the empty interval ranges from the offset of the first marker 
to the onset of the second marker, as predicted by Offset-onset hypothesis, no significant 
difference in the MMN amplitude measured in the long and short first marker conditions 
with equivalent offset-onset inter-marker intervals (OFF-ON conditions) will be found, 
but a significantly greater MMN amplitude will be found in the long first marker 
condition than in the short first marker condition with equivalent onset-onset inter-marker 
intervals (ON-ON conditions). On the other hand, if the empty interval timing ranges 
from the onset of the first marker to the onset of the second marker (i.e. Onset-onset 
hypothesis), the MMN amplitude measured in the long first marker condition with 
equivalent offset-onset inter-marker interval (OFF-ON conditions) will be significantly 
smaller than that in short first marker condition. However, no difference will be found in 
the MMN measured in the long and short first marker conditions with equivalent onset-
onset inter-marker intervals (ON-ON conditions). 
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Method 
Design 
The design of the second experiment was similar to that of the first experiment. 
Four experimental conditions, LM-OFF-ON, LM-ON-ON, SM-OFF-ON, and SM-ON-
ON, and their corresponding control conditions were included in the experiment. 
Participants 
Twelve college students were recruited for this experiment. However, due to 
computer errors during EEG recording, the ERP data recorded for three of the 
participants were incomplete. So, only the data of the remaining nine participants (aged 
from 20 to 25, mean age 21.6, 6 female) were included in the analysis. All of them were 
shown to be right-handed by Edinburgh Handedness Inventory. 
Stimuli and Procedure 
The procedure was the same as that in the first experiment, except for the 
modifications in the stimuli and control conditions outlined above. To reiterate, the 
standard OFF-ON and ON-ON equivalent intervals were changed from 100 ms to 170 
ms, but the deviant equivalent intervals remained 70 ms long. The duration of the first 
marker was increased from 40 ms to 60 ms in the LM condition and from 10 ms to 20 ms 
in the SM condition. The duration of all of the second markers was also changed to 20 
ms. The rise and fall of all of the tones were extended to 30% of the tone duration. These 
modifications greatly increased the deviant percentage change from about 30% to 58% in 
OFF-ON equivalent conditions, and 66-90% in ON-ON equivalent conditions. 
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Two sets of control conditions were included in the second experiment. The first 
control, Control 1，consisted of repeating deviant stimuli only and every fifth deviant 
stimulus was included in the analysis. Therefore, out of a total of 1000 deviant stimuli 
presented in Control 1，only 200 were used in the analysis. For the second control 
condition, Control 2, alternate standard and deviant stimuli were presented and every 
third deviant stimulus was used in the analysis. Therefore, out of 1200 stimuli presented, 
half standard and half deviant, 200 of the deviants were used in the analysis. The 
proportions of the deviant stimuli in the two control conditions were greatly increased to 
prevent a mismatch response being elicited within the control condition (Figures 7a and 
b). 
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Figure 7a. The Standard Offset-to-Onset Interval (Empty Interval) was 170 ms. The 
Deviant Offset-to-Onset Interval was 70 ms. The Inter-stimulus Interval (ISI) was 500 
ms. Deviant in LM-OFF-ON and SM-OFF-ON occurred randomly with the constraint 
that each deviant was preceded by at least 5 standards. There were 2 types of control 
conditions in the second experiment. Control 1 consisted of repeating units of deviant 
stimuli only. Control 2 consisted of repeating unit of alternative standard and deviant 
stimuli. 
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Figure 7b. The Standard Onset-to-Onset Interval (Empty Interval + length of first 
marker) was 170 ms. The Deviant Onset-to-Onset Interval was 70 ms. The Inter-stimulus 
Intervals (ISI) was 500 ms. Deviants in LM-ON-ON and SM-ON-ON occurred randomly 
with the constraint that each deviant was preceded by at least 5 standards. There were 2 
types of control conditions in the second experiment. Control 1 consisted of repeating 
units of deviant stimuli only. Control 2 consisted of repeating units of alternating 
standard and deviant stimuli. 
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Electrophysiological Recording and Data Analysis 
The setting for EEG recording was the same as that in the first experiment. For 
statistical analyses, the ERPs of all of the experimental conditions were combined to form 
the grand averaged experimental condition waveform. The corresponding control 
conditions were also averaged to form the grand averaged control waveform. The grand 
averaged experimental condition waveform was then subtracted by the grand averaged 
control waveform to form the grand averaged difference waveform. One, instead of two, 
grand averaged control waveforms for each type of control condition was averaged for 
calculating the mean MMN amplitude, because the difference of the peak negativity of 
the two difference waveforms was a few ms only. The peak negativity, at the Fz electrode 
between 100 and 200 ms, of the grand averaged difference waveform was identified, and 
a 60 ms time window was centered on this peak negativity for calculating the mean 
amplitude of the ERP response in the subsequent analyses. 
Paired sample t-tests comparing ERP responses in the deviant and control 
conditions were carried out to test for the presence of MMN. Planned comparisons by 
paired sample t-tests of the MMN effects in different conditions were conducted. LM-
OFF-ON was compared against SM-OFF-ON, and LM-ON-ON against SM-ON-ON. 
Under the Offset-onset hypothesis, the MMN in the LM-ON-ON condition should 
be larger than the SM-ON-ON condition, while no significant difference should be found 
when comparing the MMN effect in LM-OFF-ON and SM-OFF-ON conditions. 
However, under the Onset-onset hypothesis, no significant difference in MMN should be 
found when comparing LM-ON-ON and SM-ON-ON conditions, while the MMN effect 
in LM-OFF-ON should be significantly smaller than SM-OFF-ON condition. 
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Result 
The ERP results showed peak negativity from 100 to 200 ms post-onset of second 
marker in all of the difference waveforms produced by the subtraction of a given 
experimental condition by the corresponding Control 1 condition (Figure 8). Maximum 
central-frontal negativity and mastoid inversion suggested these negativities were MMNs. 
However, paired sample t-tests showed that the mean MMN amplitude in the 60 ms 
analysis windows, centered on the peak negativity at 126 ms (i.e. from 96 ms to 156 ms), 
was significant only for SM-ON-ON (t(8) = -2.6499, p <.05’ one-tailed) (Table 5). 
Planned comparison of MMN difference showed no significant difference in both OFF-
ON and ON-ON equivalent interval conditions with first marker of different length, t(8) 
ranged from-1.1990 to -1.4870’ all ps >.05, one-tailed, (Table 6). 
Difference waveforms formed by the subtraction of each experimental condition 
by the corresponding Control 2 condition showed peak negativity from 100 to 200 ms 
with central-frontal maximum and mastoid inversion in some of the conditions (Figure 
9). However, the negativity was less prominent and paired sample t-tests showed none of 
the mean MMN amplitudes were statistically significant (t(8) ranged from -0.1171 to -
1.4867, all ps >.05，one-tailed) (Table 7). Since no significant MMN was present, 
planned comparison of MMN difference in conditions with long and short marker length 
was omitted. 
Neither the Offset-onset hypothesis nor the Onset-onset hypothesis can be 
rejected or supported because no statistically significant difference in mean MMN 
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amplitude was found between long and short first marker conditions in either the OFF-
ON or the ON-ON conditions. 
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Figure 8. Deviant, Deviant Control 1，and Deviant minus Deviant Control 1 waveforms 
of the four conditions, time locked to the onset of the second marker, in Experiment 2. 
Prominent negativities are shown in all of the difference waveforms. However, only the 
negativity in SM-ON-ON condition (lower right) was statistically significant. 
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Figure 9. Deviant, Deviant Control 2, and Deviant minus Deviant Control 2 waveforms 
of the four conditions time locked to the onset of the second marker. Negativities are 
shown in the difference waveforms, but they are less prominent than the difference 
waveforms obtained with Control 1 (Figure 8). No negativities were statistically 
significant. 
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Table 5. Mean Amplitude and Standard Deviation of ERP Results for Deviants, Deviant 
Controls, and Deviants minus Controls, and Paired Sample t-tests for the Presence of 
MMN. 
Mean SD df t 
LM-OFF-ON 
Deviant Condition -2.9493 ( 1.6121 ) 
Control 1 -2.1591 ( 1.1197 ) 
Deviant minus Control 1 -0.7902 ( 1.9771 ) 8 -1.1990 
SM-OFF-ON 
Deviant Condition -2.0085 ( 1.4454 ) 
Control 1 -1.4552 ( 0.8871 ) 
Deviant minus Control 1 -0.5533 ( 1.1162 ) 8 -1.4870 
LM-ON-ON 
Deviant Condition -0.8590 ( 1.5649 ) 
Control 1 -0.3955 ( 1.0005 ) 
Deviant minus Control 1 -0.4635 ( 1.0929 ) 8 -1.2723 
SM-ON-ON “ 
Deviant Condition -1.4224 ( 1.5062 ) 
Control 1 -0.1122 ( 1.4597 ) 
Deviant minus Control 1 -1.3101 ( 1.4832 ) 8 -2.6499* 
Note: *p<.05 (1-tailed) 
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Table 6. Planned Comparison of MMN Effect in Conditions with Different First Marker 
Length. 
Mean SD ^ t 
LM-OFF-ON vs. SM-OFF-ON -0.2369 { 1.9974 ) 8 -0.3558 
LM-ON-ON vs. SM-ON-ON 0.8466 ( 1.7131 ) 8 1.4826 
Note: *p<.05(1-tailed) 
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Table 7. Mean Amplitude and Standard Deviation of ERP Results for Deviants, Deviant 
Controls, and Deviants minus Controls, and Paired Sample t-tests for the Presence of 
MMN. 
Mean SD df t 
LM-OFF-ON 
Deviant Condition -2.9493 ( 1.6121 ) 
Control 2 -2.4506 ( 1.1285 ) 
Deviant minus Control 2 -0.4986 ( 1.0062 ) 8 -1.4867 
SM-OFF-ON 
Deviant Condition -2.0085 ( 1.4454 ) 
Control 2 -1.7351 ( 1.2301 ) 
Deviant minus Control 2 -0.2734 ( 1.4736 ) 8 -0.5566 
LM-ON-ON 
Deviant Condition -0.8590 ( 1.5649 ) 
Control 2 -0.7875 ( 1.3073 ) 
Deviant minus Control 2 -0.0715 ( 1.8315 ) 8 -0.1171 
SM-ON-ON 
Deviant Condition -1.4224 ( 1.5062 ) 
Control 2 -1.2119 ( 1.0802 ) 
Deviant minus Control 2 -0.2105 (1.2665 ) 8 -0.4986 
Note: *p < .05 (1-tailed) 
Duration Memory Content 56 
Discussion 
In the second experiment, a statistically significant MMN was found in the SM-
ON-ON condition; however, it did not significantly differ from the effect elicited in the 
LM-ON-ON condition. Based on the Onset-onset hypothesis, LM-ON-ON and SM-ON-
ON should not show any difference in the MMN, as both the perceived percentage 
changes were equal (58.8%). However, no conclusion can be drawn based on a non-
significant result. In order to provide support for the Onset-onset hypothesis, the mean 
M M N amplitude of SM-OFF-ON must be significantly greater than that of LM-OFF-ON, 
as the deviant percentage change in SM-OFF-ON (52.63%) is greater than that in LM-
OFF-ON (43.48%). However, no such difference was shown. 
On the other hand, in order to provide support for Offset-onset hypothesis, MMN 
elicited in LM-ON-ON condition must be significantly greater than that in SM-ON-ON 
conditions, but no difference in OFF-ON equivalent interval conditions with different 
first marker length was obtained. 
Although a significant MMN was found in one of the conditions after modifying 
the paradigm, no conclusion of whether the empty interval is timed based on Offset-onset 
hypothesis or Onset-onset hypothesis can be made. The difference in percentage change 
of the deviant between the long and short markers may not be large enough to produce a 
statistically significant difference in the MMN elicited by different conditions. For the 
ON-ON equivalent interval condition, the percentage change of deviance in the long and 
short marker conditions was 90.90% and 66.67%, respectively; while the percentage 
change of deviance in the long and short marker conditions in the OFF-ON equivalent 
interval condition was 43.48% and 52.63%, respectively. Further modification of the 
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paradigm with a wider range of percentage change and greater difference in deviant 
percentage change is needed to provide support for either hypothesis. 
In the second experiment, there were two control conditions. Control 1 consisted 
of repeating deviant stimuli only and Control 2 comprised alternating standard and 
deviant stimuli. ERP difference showed more prominent MMN with Control 1 than 
Control 2. Although statistical analysis failed to reveal any significant difference between 
the mean amplitude of Control 1 and Control 2 in any of the conditions, t(8) ranged from 
0.5379 to 1.9590，p >.05, two-tailed (Table 8)，a significant MMN was found in SM-ON-
ON condition with Control 1，but not Control 2. By having only one kind of stimulus in 
the control condition, the stimulus would occur more frequently and the repeating pattern 
would be shorter to produce a stable and long lasting memory trace of the standard 
stimulus (Sabri & Campbell, 2001). Therefore, the control condition in the next 
experiment consisted of repeating deviant stimuli only. 
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Table 8. Mean Amplitude, Standard Deviation, and Paired Sample t-tests for the 
Difference of Control 1 and Control 2 in Each Experimental Condition and Their Grand 
Average. 
Mean SD ^ t 
Control 1 - Control 2 
LM-OFF-ON 0.2915 ( 1.6259 ) 8 0.5379 
SM-OFF-ON 0.2799 ( 1.5528 ) 8 0.5407 
LM-ON-ON 0.3920 ( 1.4781 ) 8 0.7956 
SM-ON-ON 1.0996 ( 1.6840 ) 8 1.9590 
All Control 1 minus All Control 2 2.0630 ( 4.0698 ) 8 1.5207 
Note: *p<.05 (2-tailed) 
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CHAPTER 4 
Experiment 3 
The results of the second experiment showed the presence of a MMN in one of 
the four experimental conditions. However, no differences in the MMN effect could be 
found in OFF-ON or ON-ON equivalent interval conditions with different first marker 
lengths. This may have been caused by the restricted range of the deviance percentage 
change in the stimulus used. In the third experiment, the paradigm was further modified 
by introducing conditions with additional marker lengths to cover a wider range of 
deviant percentage change. By having conditions with very large deviant percentage 
change, the probability of obtaining significant MMN effects and finding differences in 
M M N effects in conditions with different marker lengths would be greatly increased. 
The hypothesis in the third experiment is basically the same as that in the previous 
two experiments. Under the Offset-onset hypothesis, a significantly more negative MMN 
effect would be found in conditions with a longer first marker length in ON-ON 
equivalent interval conditions; while no difference in the MMN effect between longer 
and shorter first marker length conditions would be found in OFF-ON equivalent interval 
conditions. The opposite result pattern would be expected for the Onset-onset hypothesis. 
No difference in the MMN effect between longer and shorter first marker length 
conditions would be found in ON-ON equivalent interval conditions; but significantly 
less negative MMN effect would be found in conditions with longer first marker length in 
the OFF-ON equivalent interval conditions. 
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Method 
Design 
The design of the experiment was similar to that in the previous experiments. 
However, the factor "First-marker length" included an additional level, so that there were 
three levels of this factor, the long first marker (LM), medium first marker (MM), and 
short first marker (SM) conditions. Either the interval between the offset of the first 
marker and the onset of second marker (OFF-ON equivalent interval) or the interval 
between the onset of first marker and the onset of second marker (OFF-ON equivalent 
interval) was kept the same across the LM, MM, and SM conditions. Consequently, there 
were six experimental conditions, LM-OFF-ON, LM-ON-ON, MM-OFF-ON, MM-ON-
ON, SM-OFF-ON, and SM-ON-ON, and six corresponding control conditions in total. 
Participants 
Twelve college students, 6 female, without report of hearing impairment, aged 
from 19 to 24’ mean age 20.9，were recruited as the participants. The Edinburgh 
Handedness Inventory showed all of the participants were right-handed. Informed 
consent was obtained from each participant before the experiment began. 
Stimuli and Procedure 
The procedure was the same as that in the previous experiments. Participants were 
instructed to sit on a comfortable chair to watch a silent self-selected movie with subtitles 
and asked to ignore the auditory stimuli. 
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Although there were six experimental conditions, LM-OFF-ON, LM-ON-ON, 
MM-OFF-ON, MM-ON-ON, SM-OFF-ON, and SM-ON-ON, and six corresponding 
control conditions in the experimental design, there were only five experimental and five 
control conditions in the actual experiment, as the LM-OFF-ON condition was physically 
identical to LM-ON-ON condition, and it was treated as the anchoring point between the 
OFF-ON and On-ON equivalent interval conditions. This Anchoring condition would be 
perceived as the most extreme percentage change, no matter whether the empty interval 
was actually perceived according to the Offset-onset or Onset-onset hypothesis. 
In each experimental condition, randomized sequences of standard intervals 
(p=0.875) and deviant intervals (p=0.125) were presented through headphones to the 
participants. The duration of the deviant intervals was 90 ms shorter than that of the 
standard intervals. A total of 1600 stimuli, consisting of 1400 standard stimuli and 200 
deviant stimuli, were presented for each experimental condition. 
The duration of the first marker was 120 ms in the LM condition, 70 ms in the 
M M condition, and 20 ms in the SM condition (with 30% duration of the tone as rise and 
fall time) the duration of all of the second markers was 20 ms which was also the same as 
the short markers. The offset-onset intervals in the OFF-ON equivalent intervals 
condition were 110 ms for the standard intervals and 20 ms for the deviant intervals. The 
onset-onset intervals in ON-ON equivalent intervals condition were 230 ms for the 
standard intervals and 140 ms for the deviant intervals. The design of the paradigm used 
in the third experiment is summarized in Table 9. 
The design of the control conditions in this experiment was similar to that of 
Control 1 in the second experiment. It consisted of repeating deviant stimuli only and 
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every second deviant stimulus was included in the analysis. Therefore, out of a total of 
400 deviant stimuli, 200 were used as the control in the analysis. 
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Table 9. The Percentage Change of Deviant in Different Experimental Conditions in 
Experiment 3. The LM-OFF-ON condition was physically identical to LM-ON-ON 
condition. 
~ % Change % Change 
First Marker Second Marker Offset-Onset Onset-Onset Under Under 
(ms) (ms) interval interval Offset-onset Onset-onset 
Hypothesis Hypothesis 
LM-OFF-ON Standard 120 20 110 230 
Deviant 120 20 20 140 81.81% 39.13% 
MM-OFF-ON Standard 70 20 110 180 
Deviant 70 20 20 90 81.81% 50.00% 
I I 
SM-OFF-ON Standard 20 20 110 130 
Deviant 20 20 20 40 81.81% 69.23% i 
LM-ON-ON Standard 120 20 110 230 , 
Deviant 120 20 20 140 81.81% 39.13% 
MM-ON-ON Standard 70 20 160 230 | 
Deviant 70 20 70 140 56.25% 39.13% 
SM-ON-ON Standard 20 20 210 230 
Deviant 20 20 120 140 42.86% 39.13% 
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Electrophysiological Recording and Data Analysis 
Electrophysiological Recording and Data Analysis were similar to the previous 
experiments. First, paired sample t-tests were conducted for testing the presence of MMN 
in each of the five conditions. Second, six planned comparisons, SM-OFF-ON versus the 
Anchoring condition (i.e. LM-OFF-ON/LM-ON-ON )’ MM-OFF-ON versus the 
Anchoring condition, SM-OFF-ON minus the Anchoring condition versus MM-OFF-ON 
minus the Anchoring condition, the Anchoring condition versus MM-ON-ON, the 
Anchoring condition versus SM-ON-ON, and the Anchoring condition minus MM-ON-
ON versus the anchoring condition minus SM-ON-ON, by paired sample t-tests, were 
conducted to determine whether the result pattern supported the Offset-onset or Onset-
onset hypothesis. 
Under the Offset-onset hypothesis, the Anchoring, MM-OFF-ON, and SM-OFF-
ON conditions would be perceived as changing equally and with the greatest percentage 
change among all conditions. Therefore, a significantly larger M M N effect would be 
expected for comparisons of SM-OFF-ON versus the Anchoring condition or MM-OFF-
ON versus the Anchoring condition. Moreover, comparison of SM-OFF-ON minus the 
Anchoring condition versus MM-OFF-ON minus the Anchoring condition should not 
show a significant difference between them. However, significant differences in the 
comparisons of the Anchoring condition versus MM-ON-ON or the Anchoring condition 
versus SM-ON-ON would be expected, as the percentage change of the Anchoring 
condition is larger than that of MM-ON-ON which is, in turn, larger than that of SM-ON-
ON. Finally, the M M N difference of the Anchoring condition minus MM-ON-ON would 
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be less negative than the MMN difference of the Anchoring condition minus SM-ON-
ON. 
Under the Onset-onset hypothesis, significant differences in the MMN effect 
should be found in SM-OFF-ON versus the Anchoring condition, and MM-OFF-ON 
versus the Anchoring condition, because the percentage change of SM-OFF-ON is larger 
than that of MM-OFF-ON, which in turn is also larger than that of the Anchoring 
condition. The MMN difference in SM-OFF-ON minus the Anchoring condition should 
show a more negative MMN difference than MM-OFF-ON minus the Anchoring 
condition. On the other hand, no significant MMN difference was expected for the 
comparison of the Anchoring condition versus MM-ON-ON, or the Anchoring condition 
versus SM-ON-ON. The difference of the MMN in these two contrasts (i.e. Anchoring 
condition minus MM-ON-ON versus Anchoring condition minus SM-ON-ON) should 
not be significant, as the Anchoring, MM-ON-ON, and SM-OFF-ON conditions should 
be perceived as equal in change magnitude and with the least deviant percentage change 
among the group of conditions (The predictions for both hypotheses are summarized in 
Table 10.). 
Two correlation analyses, one for the OFF-ON condition and the other one for the 
ON-ON equivalent interval condition, were included to show the relationship/modulation 
effect between mean MMN amplitude and first marker length. Under the Offset-onset 
hypothesis, the correlation between mean MMN amplitude and marker length should be 
non-significant for OFF-ON equivalent interval conditions, while a significant negative 
correlation should be found among ON-ON equivalent interval conditions (because the 
sign of mean MMN amplitude is also negative, a negative correlation means the MMN 
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effect increases with the first marker length). Under the Onset-onset hypothesis, the 
correlation between mean MMN amplitude and marker length should be significant and 
positive for the OFF-ON equivalent interval condition; while no significant correlation 
should be found in the ON-ON equivalent interval condition. 
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Table 10. The Planned Comparisons and Expected Result Patterns Supporting the Offset-
onset and the Onset-onset hypotheses. 
P .... % Change Under % Change Under 
Code Condition Offset-onset Onset-onset 
Hypothesis Hypothesis 
1 SM-OFF-ON 81.81% 69.23% 
2 MM-OFF-ON 81.81% 50.00% 
3 LM-ON-ON/LM-OFF-ON 81.81% 39.13% 
Anchonng condition 
4 MM-ON-ON 56.25% 39.13% 
5 SM-ON-ON 42.86% 39.13% 
Result pattern Result pattern 
Planned Comparisons supporting Offset-onset supporting Offset-onset 
Hypothesis Hypothesis 
SM-OFF-ON vs Anchoring condition 1 = 3 1 > 3 
MM-OFF-ON vs Anchoring condition 2 = 3 2 > 3 
SM-OFF-ON - Anchoring condition 
vs 1-3 2-3 1-3 > 2-3 
MM-OFF-ON - Anchoring condition 
Anchoring condition vs MM-ON-ON 3 > 4 3 = 4 
Anchoring condition vs SM-ON-ON 3 > 5 3 = 5 
Anchoring condition - MM-ON-ON 
vs 3-4 < 3-5 3-4 = 3-5 
Anchoring condition - SM-ON-ON 
Note: The sign of mean MMN amplitude is also negative, 1 > 3 means the MMN of 1 is 
more negative than the MMN of 3. 
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Result 
All of the difference waves showed peak negativity from 100 to 200ms post-onset 
of the second marker (Figure 10) with mastoid inversion and central-frontal maximum. 
Data analysis was focused on a window from 97ms to 157ms, centered on the peak 
negativity at 127ms in the grand difference waveform, which is the difference of the 
grand deviant waveform subtracted by the grand control waveform. Statistically 
significant MMNs were found in the Anchoring (i.e., LM-OFF-ON / LM-ON-ON), MM-
OFF-ON, and SM-OFF-ON conditions as indicated by paired sample t-tests (t(i i)=-
4.9447’ t(ii) = -2.5722, and t(n) = -2.0708，respectively, all ps <.05, one-tailed), but not 
in the MM-ON-ON, and the SM-ON-ON conditions, (t(ii) = -1.5222，and t(ii) = -0.5028, 
respectively, all ps >.05, one-tailed) (Table 11). 
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Figure 10. Deviant, Deviant Control, and Deviant minus Deviant Control waveforms of 
the five conditions time locked to the onset of the second marker in Experiment 3. 
Prominent negativities are shown in all of the difference waveforms. However, only the 
MMNs in the Anchoring (i.e., LM-OFF-ON/LM-ON-ON) (top), MM-OFF-ON (middle 
left), SM-OFF-ON (bottom left) conditions were statistically significant. 
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Table 11. Mean Amplitude and Standard Deviation of ERP Results for Deviants, Deviant 
Controls, and Deviants minus Controls, and Paired Sample t-tests for the Presence of 
MMN. 
Mean SD df T 
LM-OFF-ON / LM-ON-ON 
Deviant Condition -2.899 { 1.4227 ) 
Control -1.022 ( 1.2741 ) 
Deviant minus Control -1.877 ( 1.3147 ) 11 -4.9447*** 
MM-OFF-ON “ 
Deviant Condition -1.763 ( 1.7325 ) 
Control -0.665 ( 1.201 ) 
Deviant minus Control -1.098 ( 1.4787 ) 11 -2.5722* 
SM-OFF-ON 
Deviant Condition -0.623 ( 2.2432 ) 
Control 0.4804 ( 1.324 ) 
Deviant minus Control -1.104 ( 1.8464 ) 11 -2.0708* 
MM-ON-ON 
Deviant Condition -2.361 ( 1.1481 ) 
Control -1.75 ( 1.0703 ) 
Deviant minus Control -0.611 { 1.3908 ) 11 -1.5222 
SM-ON-ON 
Deviant Condition -2.145 ( 1.6951 ) 
Control -1.866 ( 1.119 ) 
Deviant minus Control -0.278 { 1.9179 ) 11 -0.5028 
Note: *p<.05; **p<.01; ***p<.001 (one-tailed). 
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The planned comparison with paired sample t-tests showed non-significant MMN 
differences between SM-OFF-ON and the Anchoring condition, MM-OFF-ON and the 
Anchoring condition (t(ii) = 1.7246, and t(ii) = 2.1249, respectively, ps >.05, one-tailed). 
The comparison of the difference MMN of SM-OFF-ON minus the Anchoring condition 
with MM-OFF-ON minus the Anchoring condition was not significant (t(ii) = -0.0110, 
p〉.05，one-tailed). However, a significantly more negative MMN was found in the 
Anchoring condition than in the MM-ON-ON condition (t(ii) = -2.8755, p<.01, one-
tailed) and in the SM-ON-ON condition (t(ii) = -2.5343, p<.05, one-tailed). The 
comparison of the difference MMN of the Anchoring condition and MM-ON-ON with 
the Anchoring condition and SM-ON-ON was not significant (t(ii) 二 -1.2361，p>.05, one-
tailed). The results of the planned comparisons are summarized in Table 12. 
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Table 12. Expected Result Patterns Supporting Offset-onset and Onset-onset hypotheses 
and the Planned Comparisons (Paired Sample t-Test) Result. 
Result pattern Result pattern 
Planned Comparisons 
supporting Offset- supporting Offset- Experimental 
RpQIjIt 
hypothesis hypothesis "酬【 
SM-OFF-ON vs Anchoring condition 1 3 1 〉 3 1.7246 
MM-OFF-ON vs Anchoring condition 2 = 3 2 〉 3 2.1249 
Anchoring condition = 2-3 1-3 > 2-3 -0.0110 
vs MM-OFF-ON - Anchonng condition 
Anchoring condition vs MM-ON-ON 3 > 4 3 = 4 -2.8755** 
Anchoring condition vs SM-ON-ON 3 > 5 3 = 5 -2.5343* 
Anchoring condition - MM-ON-ON „ . < 3,5 3.4 _ 3.5 _i 2351 
vs Anchoring condition - SM-ON-ON 
Note: *p<.05; **p<.01 (one-tailed). 
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A significant negative correlation (r = -.3958, p<.05) between the mean MMN 
amplitude and the first marker duration was found in the ON-ON equivalent interval 
condition while that in the OFF-ON equivalent interval condition was found to be not 
significant (r =-.2049，p〉.05). 
Discussion 
The present study investigated the validity of the Offset-onset hypothesis by using 
an electrophysiological measure of deviance detection, the Mismatch Negativity (MMN), 
combined with parametric manipulation of the first marker length and the interval 
between the marker stimuli. The results of Experiment 3 provided support for the Offset-
onset hypothesis and against the Onset-onset hypothesis. 
As predicted by the Offset-onset hypothesis to have the greatest perceived deviant 
change, the SM-OFF-ON, MM-OFF-ON, and Anchoring conditions showed statistically 
significant MMN effects. On the other hand, no significant MMN was shown in the MM-
ON-ON and SM-ON-ON conditions, which were predicted to have lower perceived 
percentage changes according to the Offset-onset hypothesis. The results of the planned 
comparisons also support the Offset-onset hypothesis. A significant difference in MMN 
magnitude was found between conditions with the greatest difference in deviant 
percentage change, i.e. Anchoring condition versus SM-ON-ON (39% difference in 
percentage change) and Anchoring condition versus MM-ON-ON (25.56% difference in 
percentage change); and no significant difference in MMN between conditions, SM-OFF-
ON versus the Anchoring condition or LM-OFF-ON versus the Anchoring condition, as 
they shared same percentage change, i.e. 81.81%. The only prediction of the Offset-onset 
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hypothesis that was not shown in the current study was smaller negativity in the 
comparison of the Anchoring condition minus MM-ON-ON than in the Anchoring 
condition minus SM-ON-ON. This non-significant result can be explained by the 
relatively small difference (less than 14%) between these two deviant changes. In 
general, this result pattern agrees with the predictions of the Offset-onset hypothesis. 
Further support for the Offset-onset hypothesis was shown by the significant 
correlation of first marker length and MMN amplitude in the ON-ON equivalent interval 
conditions and the absence of a significant correlation of first marker length and MMN 
amplitude in the OFF-ON equivalent interval conditions. 
Under the Offset-onset hypothesis, the timing of the empty interval starts from the 
offset of the first marker to the onset of the second marker. This means that the interval 
being timed, and hence the perceived percentage deviance change, are independent of the 
length of the first marker. When the interval between the onset of the first marker and 
onset of the second marker is equivalent, i.e. ON-ON equivalent interval condition, in the 
long, medium, and short first marker length conditions, the interval actually being timed 
decreases with increasing first marker length. Thus, for the same onset to onset deviant 
change, the percentage change of deviant as demarcated by offset to onset was larger in 
the longer first marker condition than the shorter first marker condition and resulted in 
the observed modulation effect of mean MMN amplitude by first marker length. 
However, when the empty interval between the offset of the first marker and onset of the 
second marker was kept the same for all marker conditions in the OFF-ON equivalent 
interval condition, the perceived percentage change and measured mean MMN amplitude 
was the same across all marker conditions and no modulation effect was shown. 
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A completely opposite result should have been observed had the timing of the 
empty interval started from the onset of the first marker to the onset of the second marker 
because the interval being timed and the perceived percentage deviance changed would 
have been dependent on the first marker length. However, this result was not found in the 
third experiment. 
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CHAPTER 5 
General Discussion 
Grondin (1993) proposed the internal marker theory to explain the superiority of 
timing performance with empty intervals over filled intervals. This theory is built on the 
assumption that the timing of an empty interval starts from the offset of the first marker 
and stops at the onset of the second marker. The current study aimed at testing this 
Offset-onset hypothesis by using the Mismatch Negativity (MMN), combined with 
parametric manipulation of the first marker length and the interval between the marker 
stimuli. 
In the first experiment, no statistically significant MMN was found. This non-
significant result was attributed to the relatively small degree of deviant change and 
possible sub-deviant like response in the control conditions. Modifications were made 
accordingly to improve the paradigm in the second experiment. Although a statistically 
significant MMN was found for one condition in the second experiment, the absence of 
significant differences in MMN elicited by conditions with different first marker length 
failed to provide support for the Offset-onset hypothesis or Onset-onset hypothesis. 
Further modifications were made in the third experiment to yield a wider range of 
percentage deviant change across conditions of different first marker length. The result of 
the third experiment showed significant MMNs and a difference in the MMNs elicited in 
conditions with different first marker length. The pattern of the results was consistent 
with the prediction of the Offset-onset hypothesis. 
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Temporal Structure and Early Timing Stage 
The current experiment demonstrates that humans pre-attentively time empty 
intervals from the offset of the first marker to the onset of second marker and this result 
agrees with Offset-onset hypothesis assumption in the Internal-Marker Theory proposed 
by Grondin (1993). Internal-Marker Theory efficiently explains better discrimination of 
empty intervals over filled intervals and better discrimination of empty intervals bounded 
by visual markers than auditory markers. The fundamental idea involved in this theory is 
that timing of stimuli of different structure or modality shares the same central timing 
system. Differences in timing these stimuli occur at the level of converting a physical 
stimulus or external timing signal into an internal representation of the stimulus, then into 
the internal signal for timing initiation and termination. This is a very primitive stage of 
temporal information processing. The present study provided support for one assumption 
of the Internal-Marker Theory, and hence, for the idea that differences in timing different 
temporal structures can occur at a stage of the timing process that precedes the clock 
process in the central timing mechanism. 
Pre-attentive Timing and Attentive Timing 
The Internal-Marker Theory and the Offset-onset hypothesis were based on 
attentive experimental findings, but the evidence provided by the current study was 
established from a pre-attentive approach. It is logical to question the validity of using 
evidence from pre-attentive processes to support a theory based on attentive timing. 
For example, Lewis and Miall (2003) proposed two timing systems, an automatic 
timing system which is involved in continuous/repeated measurement of predictable sub-
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second intervals in the absence of attention, and a cognitively controlled timing system, 
which is involved in the timing of discrete events in the supra-second range with the 
presence of attention. The pre-attentive timing system investigated in the present study 
shares properties with the automatic timing system proposed by Lewis and Miall, but not 
the cognitively controlled timing system. The pre-attentive empty duration discrimination 
task used in the present study also required continuous repeated timing in the milli-
seconds range of the empty duration and comparison of this duration to the memory of 
the standard empty duration established by previous trials to discriminate change in the 
empty interval in the absence of attention. 
Evidence for the presence of the two timing systems was provided by meta-
analysis of a number of brain imaging studies (refer to Lewis and Miall (2003) for details 
of these studies). The proposed automatic timing system mainly involved primary motor, 
premotor, supplementary motor area, and auditory cortex, but activity in prefrontal cortex 
was absent. In contrast, the prefrontal cortex and parietal cortex were involved in the 
cognitively controlled timing system, in addition to premotor cortex and supplementary 
motor area. Common activation of premotor cortex and supplementary motor area 
indicated that the two timing systems might not be completely independent of each other, 
but may share some common mechanisms. Lewis and Miall (2003) further proposed that 
the automatic pre-attentive timing system might represent an over-leamed response of the 
brain to timing of repeated stimuli. According to these authors, the cognitively controlled 
timing system requiring attention is used for initial timing of stimuli in most cases. 
However, when the stimulus is presented repeatedly and the timing task repeated again 
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and again, the automatic pre-attentive timing system takes over the timing task to spare 
attention for other purposes. 
A close link between pre-attentive and attentive processes was also found by 
change detection studies measuring MMN and behavioral performance (e.g. Tiitinen, 
May, Reinikainen, & Naatanen, 1994). As mentioned in the Introduction, the human 
brain continuously and pre-attentively monitors the environment for change. The 
attentive system is recruited for further processing or producing response upon salient 
changesthat may affect our survival. The MMN is an internal signal for the presence of 
changes and it is also reflects initiation of attention switching. 
Kujala et al. (2001) measured MMN and behavioral stimulus discrimination of 
participants when they were presented with deviant tone pairs separated by 20, 60，or 100 
ms empty inter-stimulus intervals and standard tone pairs separated by 120 ms empty 
inter-stimulus intervals. The MMN amplitude was significantly correlated with the 
reaction time and hit rate in a behavioral discrimination task using the same stimuli. 
Jaramillo, Paavilainen, and Naatanen (2000) also found parallel changes in behavioral 
performance and MMN response in change detection. As the degree of deviance 
increased, the MMN amplitude increased, the hit rate increased, and reaction time 
decreased accordingly. 
Tremblay, Kraus, and McGee (1998) examined how neurophysiological measures 
(MMN) and behavioral responses change upon training. The participants were trained to 
differentiate between two stimuli that differed in voice onset time (VOT). Both stimuli 
sounded like /ba/ prior to training, and they learned to identify the -20ms VOT stimuli as 
/mba/ and the -10ms VOT as /ba/. There was a significant increase in the MMN 
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amplitude and a decrease in the MMN onset latency immediately after the first day of 
training for all of the participants. Moreover, participants showed significant behavioral 
improvement in discriminating the two stimuli on the same day or days after changes in 
MMN took place. 
From both the timing system perspective and the change detection perspective, 
pre-attentive and attentive processes are not completely independent. It is true that the 
view of the relationship between pre-attentive and attentive processes differs across the 
two perspectives - in the timing perspective, the pre-attentive timing system builds on the 
attentive timing system to save attention resources; but in the change detection 
perspective, any environmental stimuli that are sensed are processed initially by the pre-
attentive system and only salient changes access the attentive system for further 
processing 一 but these views are not mutually exclusive. It may be that the pre-attentive 
and attentive systems cooperate to solve different tasks. It is undeniable that the pre-
attentive and attentive processes are inter-twined and that they share at least some basic 
processing steps, especially some of the steps in the early stages of processing. 
Although it is incorrect to assume that what happens in the pre-attentive system 
must also occur in the attentive system, it is reasonable to believe, based on the studies 
described above, that the evidence from pre-attentive timing provided by the present 
study for the Offset-onset hypothesis also holds true in attentive timing. Further 
investigation of the same paradigm in an attentive situation may help to generalize this 
pre-attentive result. The MMN, attention related P3a ERP component, and behavioral 
performance could be measured in the same paradigm but with the participants counting 
the number of standard stimuli presented between deviant stimuli. The amplitude of the 
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MMN measured in this paradigm should be more prominent than that measured in the 
pre-attentive version and should be followed by the P3a component. Behavioral data like 
reaction time and hit rate should correlate with the amplitude of MMN. By showing 
independence of MMN , P3a, and behavior performance with marker length, the Offset-
onset hypothesis could be generalized to attentive processes with certainty. 
Alternative Explanation 
The present study used the MMN as the electrophysiological index of interval 
discrimination because it can reveal how timing of an empty interval occurs in the early 
stage of auditory processing. However, in a recent review of ERP and timing processes 
by Macar and Vidal (2004), it was questioned whether timing actually occurs in change 
detection as shown by the MMN. These authors proposed that the MMN elicited by 
duration or ISI deviants only involves a temporal information specific memory 
comparison process and timing might not necessarily be involved. In other words, the 
M M N only involves comparison of the newly arrived stimulus with the standard or 
frequent stimulus stored in memory. Timing might or might not be involved, especially 
when the duration of the timed interval is shorter than 150ms-170 ms, which is called the 
temporal window of integration (TWI). Within this window, auditory information in 
stimuli presented closely together is integrated into a single information unit in the 
sensory memory trace (Yabe, Tervaniemi, Reinikainen, & Naatanen, 1997; Yabe, 
Tervaniemi, Reinikainen, Sinkkonen, Huotilainen, Ilmoniemi, & Naatanen, 1998). 
Evidence for the presence of this window is supported by different kinds of study. For 
example, loudness summation studies (Pedersen & Salomon, 1977) showed increased 
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perceived loudness as the duration of the stimulus increased within the TWI, but no such 
summation effect was observed when the duration of the stimulus exceeded the TWI. 
Stimulus omission studies (Yabe, et al., 1997; Yabe, et al., 1998) found significant MMN 
elicited by occasional stimulus omission in a train of repeated stimuli with SOA smaller 
than 150 ms to 170 ms, i.e. the temporal integration window, but not greater than the 
TWI. 
It may be true that the MMN is not an online measure of timing that shows every 
step involved in all aspects of interval timing as suggested by Macar and Vidal (2004), 
but a timing process, or more specifically, a pre-attentive timing process other than a 
mere sensory memory comparison may be involved in MMN. Naatanen et al. (2004) 
showed that statistically significant MMN was elicited by a 50% duration deviant even 
when the duration of the standard tone was 200 ms to 1600 ms, which greatly exceeded 
the range of temporal integration window. Therefore, a true timing mechanism must be 
present in automatic pre-attentive duration discrimination for intervals in the range of 
seconds and the MMN can be used as a brain index of change detection, and hence, the 
pre-attentive automatic timing system. 
It is possible that two timing systems are present: a memory based system for 
timing durations within the temporal integration window, and another timing system for 
durations greater than the temporal integration window as suggested by Naatanen et la. 
(2004). However, in either case the general conclusion of the current study that pre-
attentive process of empty interval started from the offset of the first marker to onset of 
the second marker stands. 
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Conclusion 
In conclusion, the results of the current study show that the timing of an empty 
interval starts from the offset of the first marker to the onset of the second marker and it 
supports the Interval-Marker Theory. It is not necessary to attribute the difference in 
timing performance of different temporal structure, i.e. filled and empty interval, to 
different central timing mechanisms. Rather, it can be attributed to differences in how the 
internal start and stop timing signal are extracted from the physical stimulus. Although 
the support for the Offset-onset hypothesis in the current study was established by a pre-
attentive task, various previous studies suggest commonalities between attentive and pre-
attentive processes and make the generalization of the findings in the present study to 
attentive timing processes reasonable. 
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APPENDIX A 
Research Participant Consent Form 
The research you are participating in today is an experimental study by Prof. Trevor 
Penney, Mr. Tse, Chun-Yu, and Mr. Eric Ng (Department of Psychology, The Chinese 
University of Hong Kong). This study investigates brain activity in response to auditory 
stimuli. We will record the electrical activity of your brain according to the procedure 
described below. 
Content of Procedure 
Prior to today's test session, you are required to fill in the "Participant Information Sheet" 
and "Edinburgh Handedness Inventory". Then, 18 electrodes will be placed on your head 
and face. Water-soluble electrode gel will be placed in all of the electrode cups so that the 
electrical activity of your brain can be recorded. 11 of the electrodes are mounted in an 
elastic cap that you will wear. 7 electrodes will be placed around your eyes, on your nose, 
and behind your ears using medical/electrode tape. The area where an electrode will be 
placed on your face will be gently cleaned using skin cleanser and alcohol. For the cap-
mounted scalp electrodes, the skin below the electrode will be rubbed with a cotton swab 
to ensure a good electrical connection between electrode and skin. Application of 
electrodes and general preparation for the experiment will take about 30-60 minutes. 
During the experiment, a movie you select will be played with subtitles. However, the 
sound from the movie will be muted. Instead, you will hear tones played over 
headphones. You are not required to attend to or respond to the tones in any way. All you 
have to do is just to enjoy the movie and try to maintain a relaxed and steady posture 
during the movie. Before the start of the experiment you will be given detailed 
instructions. The test session, including breaks, takes around 3 hours. After the test 
session, warm water, towel, and hair dryer will be provided for you to remove the gel. 
Risk and Inconvenience 
Recording of electrical brain activity has not been found to cause long term effects on 
health and it is not known to cause any danger to the participants. 
The right of not participating in or withdrawing from the research 
Your signature on this consent form indicates that you are volunteering to participate in 
our research. You can choose not to participate, or withdraw at any time if you have 
agreed to participate in the research. If you withdraw from the research, your information 
will not be collected for research usage. You may also choose to cancel the authorization 
of using the information that is already collected (except maintaining the information 
about your withdrawal). The notification of the authorization cancellation should be 
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given in a form of letter. Even if you determine not to participate or withdraw from the 
research, you would not be penalized, your existing benefits would not be reduced. If you 
decide to withdraw, please write a letter to notify Prof. Penney about your decision of 
withdrawal. The mailing address is: Department of Psychology, Chinese University of 
Hong Kong, Shatin, N.T. At that time we will seek your consent to continue the usage of 
the information we have collected before you withdrew. 
Confidentiality of information 
According to the law, the research record by which you can be identified will be kept 
restricted. The Hong Kong personal information (privacy) ordinance will protect the 
privacy, safety and authorization of your information. Except by the requirement of law, 
your name, identity number, address, telephone number or other personal information by 
which you can be identified will not be disclosed in the research record that is published 
outside Chinese University of Hong Kong (CUHK). When your record is disclosed 
outside CUHK, you will be assigned a unique code. The information for encoding will be 
stored at a locked file in Prof. Penney's office. 
If you have other questions, please call local Hong Kong 2609-6456 to contact Prof. 
Trevor Penney. If you have any enquiry about experiment participants' rights, please call 
2632-1118 to address to Prof. Benny Zee in the Chinese University of Hong Kong 
clinical experiment surveillance group. 
Consent Statement 
I understand the research objective, the procedure to be followed, and the risks and 
benefits. I have read the entire consent form and agree to participate in this research, and 
know that I can withdraw at any time. I also know that I will receive $50 per hour as 
compensation for participation. 
Participant's signature Date 
Participant's name 
Experimenter's signature 
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APPENDIX B 
THE EDINBURGH HANDEDNESS INVENTORY 
Name: 
DOB: Gender: 
Subject No: List No: 
Please indicate your preferences in the use of hands in the following activities by putting + in the 
appropriate column. Where the preference is so strong that you would never try to use the other hand unless 
absolutely forced to, put + +. If in any case you are really indifferent put + in both columns. 
Some of the activities require both hands. In these cases the part of the task, or object, for which hand 
preference is wanted is indicated in brackets. 
Please try to answer all the questions, and only leave a blank if you have no experience at all of the 







6 Knife (without fork) 
7 Spoon 
8 Broom (upper hand) 
9 Striking Match (match) 
10 Opening box (lid) 
i Which foot do you prefer to kick with? 
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